ABSTRACT: Several mechanoregulation algorithms proposed to control tissue differentiation during bone healing have been shown to accurately predict temporal and spatial tissue distributions during normal fracture healing. As these algorithms are different in nature and biophysical parameters, it raises the question of which reflects the actual mechanobiological processes the best. The aim of this study was to resolve this issue by corroborating the mechanoregulatory algorithms with more extensive in vivo bone healing data from animal experiments. A poroelastic threedimensional finite element model of an ovine tibia with a 2.4 mm gap and external callus was used to simulate the course of tissue differentiation during fracture healing in an adaptive model. The mechanical conditions applied were similar to those used experimentally, with axial compression or torsional rotation as two distinct cases. Histological data at 4 and 8 weeks, and weekly radiographs, were used for comparison. By applying new mechanical conditions, torsional rotation, the predictions of the algorithms were distinguished successfully. In torsion, the algorithms regulated by strain and hydrostatic pressure failed to predict healing and bone formation as seen in experimental data. The algorithm regulated by deviatoric strain and fluid velocity predicted bridging and healing in torsion, as observed in vivo. The predictions of the algorithm regulated by deviatoric strain alone did not agree with in vivo data. None of the algorithms predicted patterns of healing entirely similar to those observed experimentally for both loading modes. However, patterns predicted by the algorithm based on deviatoric strain and fluid velocity was closest to experimental results. It was the only algorithm able to predict healing with torsional loading as seen in vivo.
INTRODUCTION
The local mechanical environment in a fracture callus, characterized by interfragmentary movement, modulates the progress of healing. [1] [2] [3] [4] Despite this knowledge, the mechanism by which mechanical stimuli regulate differentiation of the tissue is not understood. Several mechanoregulation algorithms have been proposed to regulate this process during secondary fracture healing. [5] [6] [7] [8] [9] The theories behind these algorithms are different and use distinct mechanical stimuli as regulators. These algorithms, although dissimilar, were shown to be consistent with some aspects of normal fracture healing. 5, 7, 8 Can all these different stimuli and theories be correct? This issue needs to be resolved to determine which aspects of the algorithms truly reflect mechanoregulation of tissue differentiation during bone healing.
In a previous study, we compared the abilities of three existing mechanoregulation algorithms to predict what is generally referred to as normal fracture healing, using a two-dimensional computational model, with the same materials and geometrical description. 10 The algorithms investigated were those previously proposed by Carter and colleagues, 5 Claes and Heigele, 7 and Lacroix and Prendergast. 8 These algorithms all consist of two local stimuli, one related to the volumetric deformation component, accounting for change in size, and one related to the deviatoric deformation component, describing a change in shape. The contributions of the individual stimuli were also investigated. It was demonstrated that the temporal and spatial tissue distribution, occurring during bone healing under axial load-controlled compression, could be predicted by any of the three published algorithms, as well as by an algorithm regulated by deviatoric strain alone. 10 Diverse loading patterns were evaluated and, for example, all algorithms predicted a non-union with excessive load. Differences were observed, for example, in healing rate and its sensitivity to variations in loading magnitude, but these variations were not sufficient to differentiate between the algorithms or to establish the most accurate one. 10 The close agreements between the algorithms in the prior study may have been due to the particular loading scenario simulated, that is, axial load controlled compression. Some of the algorithms and their threshold values were developed from experimental data for healing as an effect of this loading mode. Carter and coworkers 5 developed their semiquantitative mechanobiological relationships based on general patterns of fracture healing in humans. The threshold values (defining boundaries between tissue types) in the tissue-regulation scheme proposed by Claes and Heigele 7 were determined to resemble an ovine fracture healing experiment only allowing axial stimulation. 1 In contrast, the algorithm used by Lacroix and Prendergast 8, 9 was initially calibrated from tissue differentiation patterns observed around loaded bone implants. 11, 12 They then used the same algorithm and identical threshold values to successfully predict tissue differentiation during fracture healing under axial load control. 8, 9 To further validate such mechanoregulation algorithms, their ability to predict tissue differentiation under mechanical conditions other than axial load-controlled stimulation need to be evaluated by direct comparison with well-controlled experimental data.
The purpose of this study was to corroborate each of the models by comparing their predictions with in vivo data for interfragmentary conditions, different from those for which they were developed, that is, both axial compression and torsional rotation, as two separate load cases. By analyzing the corroborations we further aimed to determine which mechanoregulation algorithm best resembles the experimental data. For that purpose, a three-dimensional finite element model was required. The mechanoregulation algorithms investigated were those by Carter and colleagues, 5 Claes and Heigele, 7 and Lacroix and Prendergast 8 and an algorithm regulated by deviatoric strain alone. 10 To study mechanoregulation of tissue differentiation, the mechanical environment needs to be well controlled. In a recent study, Bishop and coworkers 13 characterized in vivo bone healing with well-defined, contrasting mechanical stimulation. They applied pure interfragmentary torsional shear across a transverse osteotomy in sheep tibiae, and examined its effect on tissue differentiation during fracture healing in comparison with axial compression. These two conditions develop contrasting local mechanical conditions, whereby torsional shear isolates deviatoric deformation by elimination of the local volumetric component, while axial compression develops both volumetric and deviatoric deformation components. Interfragmentary strain was applied daily with a load limit using an external fixator 14 and external loading was minimized by Achilles tenotomy. 13 Observational time points were chosen to investigate both early (4 weeks) and late (8 weeks) stages of healing. Histological assessment and weekly intermediate radiographs were available for the comparison described in this article.
METHODS
A three-dimensional mechanoregulated adaptive finite element model of an ovine tibia with a healing transverse fracture gap of 2.4 mm and an external callus was developed based on an earlier two-dimensional model, 10 with geometry and boundary conditions according to those described experimentally 13 ( Fig. 1 ). To increase computational efficiency, a 22.58 wedge was modeled, with proper constraints to impose rotational symmetry. The external surface of the callus, the ends of the cortical bone and the intramedullary canal were assumed to be impermeable. The displacements applied were 0.6 mm (0.5 Hz) of axial compression, with a 360 N load limit, or 7.28 (0.5 Hz) of torsional rotation, with a 1670 Nmm load limit, all equal to experimentally applied stimulation. The reaction force was monitored and when the load limit was reached, the displacement was truncated to allow the peak strain to decrease as healing progressed, resembling the experimental setup. Poroelastic elements were used, with quadratic displacement interpolation and linear pore pressure (ABA-QUS, v. 6.4, ABAQUS Inc., Pawtucket, RI). The adaptive process of fracture healing was implemented in custom subroutines (MATLAB v. 6.5, The MathWorks, Inc.; Fig. 2 ).
Fracture healing was simulated by using the biophysical stimuli calculated from the finite element analysis, at maximum displacement or when the load limit was reached, to predict new element material properties, according to the mechanoregulation rules. As previously described 10 ( Fig. 2) , the callus initially consisted of granulation tissue into which precursor cells could migrate/ proliferate according to a diffusive process from the soft tissue external to the callus, the periosteum, and the marrow. 9, 15 The cells within an element of callus were able to differentiate into fibroblasts, chondrocytes, or osteoblasts, based on threshold values in each regulation scheme, and to produce their respective matrices. A rule of mixtures was used to calculate element material properties based on the stimulated cell phenotype in the previous 10 days, and on cell density. 9 Once the new material properties were determined, the next iteration began. The simulations ran until a steady state tissue distribution was reached. Resorption of bone was also simulated, based on the mechanical environment, by deactivation of the element. Material properties for marrow and original cortical bone elements were not varied. All materials were described as linear poroelastic, with properties taken from literature (Table 1) .
Several mechanoregulation algorithms were investigated. First was the scheme proposed by Carter and colleagues, 5 where the magnitudes of principal tensile strain and hydrostatic pressure were used to predict tissue type. Threshold values applied were the same as those found to optimally simulate fracture healing in a previous study 10 ( Table 2 ). The second regulation algorithm tested was proposed by Claes and Heigele, 7 with strain and hydrostatic pressure as stimuli. Low magnitudes of strain and hydrostatic pressure promoted intramembranous bone formation. Endochondral ossification and cartilage formation were associated with higher compressive pressures and strains ( Table 2 ). The hypothesis of Prendergast and coworkers, 12 assuming deviatoric strain and fluid velocity values to predict tissue type, 11 were also implemented. 8 The latter two schemes were implemented with initially published threshold values. An algorithm regulated by deviatoric strain alone, which was previously found able to simulate tissue differentiation during normal fracture healing, was also implemented with identical threshold values ( Table 2) . 10 The progressive tissue patterns from the computational predictions were compared to experimental tissue distributions from histological analyses at 4 and 8 weeks and by comparison to weekly radiographs. The comparison was made by identifying similarities in the sequential development of tissues instead of focusing on specific iteration numbers (i.e., time points).
The complete results from the experimental study were presented by Bishop and colleagues 13 and are briefly summarized here. The histological analysis at 4 weeks [ Fig. 3(a,b) ], showed no substantial general differences between axial and torsional loading. There was new woven bone formation in the external callus at some distance from the gap. The gap was filled mainly with fibrous connective tissue and small islands of cartilaginous tissue. There was no bridging of external callus or within the gap. However, the data showed a trend towards more bone formation closer to and inside the intercortical gap with torsional stimulation. At 8 weeks [ Fig. 3(c,d) ], the differences between the effects of the two loading modes were more distinct. For axial loading, the range between biological response was large. There was some bony bridging (2/5 animals), limited to the periphery of the external callus and no creeping substitution towards the gap had yet occurred. The intercortical gap was still filled with mainly soft tissue, rich in proteoglycans. Two animals also showed signs of delayed union, with only little bone formation after 4 weeks. In torsional stimulation, bridging (4/5 animals) was more advanced and newly formed high-density bone was found closer to the gap. There was also more bone formation within the intercortical gap, although bony bridging was mainly found externally. Additional examination of weekly radiographs confirmed contrasting healing sequences between the groups. In the axial group, initial periosteal bone formation was seen further away from the gap, followed by growth of bony cuffs, which bridged externally. In torsion, periosteal bone growth started outside the gap, very near to the cortical corners next to the gap. The periosteal callus developed slightly before bone formation started to creep around the corners into the intercortical gap. There was a significant amount of bone formed within the gap, before the bone bridged externally, followed by intercortical gap bridging.
RESULTS
The three-dimensional computational model was validated against our earlier 2D axisymmetric model 10 by comparing the computed mechanical stimuli values and the calculated reaction forces in axial compression. The mechanical stimuli agreed entirely, while the reaction forces were slightly lower (<1%) for the 3D model.
Axial Compression
Both algorithms regulated by strain and pressure 5,7 produced largely similar tissue distributions. In both cases early bone formation along the entire external callus boundary resulted in immediate bone bridging [ Fig. 4(a,b) , iteration (it) 5]. This was not in agreement with histology after 4 weeks, where bony cuffs were observed prior to bridging. In the computational simulations with Carter's algorithm [ Fig. 4(a) ] endochondral ossification of the external callus and maturation of the bone followed [ Fig. 4(a) , it 10-20], which resulted in tissue distributions similar to those observed in some of the animals after 8 weeks [ Fig. 4(a), it 30 ]. In contrast, Claes's scheme led to unstable tissue predictions and temporarily isolated bone formation, prior to final bridging [ Fig. 4(b) , it 20-50]. With both algorithms, the tissue within the gap differentiated from fibrous tissue to cartilage. Creeping substitution of bone and ossification of the gap was interrupted, and cartilaginous tissue remained in the gap [ Fig. 4(b) , it 120], stimulated by high pressures; no final healing was predicted. Figure 5 (a) displays the magnitude of the hydrostatic pressure in the callus. Although complete healing was not seen in vivo either, it is believed that once a fracture has bridged with bone, it becomes stable enough for complete healing. 16 The algorithm regulated by deviatoric strain and fluid velocity 8 predicted initial intramembranous bone formation at the tip of the external callus and along the periosteal surface, growing into a bony external callus by endochondral ossification [Fig. 4(c) , it [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This agreed well with the week 4 histology. No further bone growth or bridging was predicted. Soft tissue remained in the gap, which was related to high fluid velocities, and the prediction resulted in a steady state non-union Fig. 4(d) ]. In comparison with histological tissue distributions there were disagreements. The algorithm predicted external bridging immediately [ Fig. 4(d), it 10 ], which disagreed with experimental findings after 4 weeks, where an external bony callus was found prior to bridging. This was followed quickly by endochondral ossification of the external callus with creeping substitution towards the gap (it 20-30), and healing (it 50). This corresponded better to histological findings at 8 weeks (it 20), but was still accelerated compared to experiments. The gap was predicted to ossify completely; bone formed in the intramedullary canal, and some of the external callus was resorbed (it 120).
Torsional Rotation
The mechanoregulation algorithms by Carter and colleagues 5 and Claes and Heigele 7 simulated identical tissue distributions with torsional loading [ Fig. 6(a) ]. With minimal local volumetric deformation, these algorithms were unable to fully predict the in vivo tissue distributions observed at 4 nor 8 weeks. They predicted intramembranous bone formation externally [ Fig. 6(a), it 5] , which resulted in a bony cuff (it 10-20). Also, isolated bone formation in the canal (it 20), which originated from the marrow, was predicted, but no bone formation within the intercortical gap was observed [ Fig. 6(a) ]. According to these algorithms local volumetric deformation is necessary to predict tissue differentiation into cartilage. Thus, no endochondral ossification could have subsequently occurred. Because the volumetric deformation component is eliminated under torsional rotation, all bone formation predicted was intramembranous. The rest of the callus tissue, where strains exceeded the thresholds to predict bone formation, remained as fibrous tissue, without providing any stabilization of the gap, and the load limit was never attained. Figure 5(b) displays the magnitudes of the principal strain in the gap.
The algorithm regulated by deviatoric strain and fluid velocity 8 was generally very successful in bone and some mature bone formation was observed in the cortical gap, while the rest of the tissue in the gap remained soft (it 30-50). The first bony bridges occurred externally, with similar tissue distributions as in the 8 week data (it 70). Thereafter, creeping substitution of bone was predicted and the entire callus filled with mature bone (it 100). After final healing, resorption of the internal callus was observed in the model. This event was not assessed in the in vivo study, due to the experimental time line, but would likely have occurred at a later stage.
The algorithm regulated by deviatoric strain only was unable to simulate healing [ Fig. 6(c) ]. Initially, some bone formation was observed similar to early time points in radiographs [ Fig. 6(c), it 5-10] . The tissue distributions that followed led to extreme local strain magnitudes in the remaining soft tissue, which would have prevented healing. It also led to numerical failure of the finite element simulation. A summary of the comparisons between experimental and modeling data is provided in Table 3 .
DISCUSSION
Several algorithms have been proposed to describe mechanoregulation of tissue differentiation during secondary fracture healing. In a previous study, they showed similar abilities to predict normal fracture healing under axial load. 10 However, in this study their predictions were separated by comparing them to in vivo healing under more diverse mechanical conditions, that is, axial compression and torsional rotation.
Tissue differentiation during fracture healing, as predicted by mechanoregulation based on deviatoric strain alone, was not confirmed by experimental observations. Under axial loading, healing occurred too fast. The algorithms regulated by both a deviatoric and a volumetric deformation component in axial compression correctly simulated some features of early 8 or intermediate healing, 5, 7 but none of them predicted final healing (Fig. 4) . The threshold values for the volumetric deformation stimulus previously found to predict normal fracture healing were not transferable to new mechanical conditions. These inconsistencies might be resolved by establishing new volumetric threshold values. This was not done because our goal was to test the algorithms' abilities to predict healing seen in vivo in their established formats, thereby avoiding subsequently adapted threshold values to each mechanically different situation. The application of contrasting axial and torsion interfragmentary loading conditions resulted in greater contrast between the results obtained from the different algorithms than simulating axial compression only. With torsional rotation providing the mechanical stimuli, only the algorithm by Lacroix and Prendergast 8 was able to correctly simulate full bridging and healing as seen experimentally. In retrospect, the fact that this algorithm performed better under torsional rotation was not very surprising. The algorithm was originally developed to describe tissue differentiation at implant interfaces. 11, 12 It has also been shown to successfully simulate various aspects of fracture healing, 8 tissue differentiation in osteochondral defects, 17 and bone formation in bone chambers 18 with the same threshold values. Although this algorithm was successful for torsion, it did not fully predict bridging and final healing for axial compression.
A combination of a well-controlled mechanical environment and physiologically comparable conditions is difficult to achieve experimentally. Although the in vivo data used in this study was the result of well-defined mechanical conditions, the manner in which the loads were applied makes direct correlation to clinical fracture healing inappropriate, that is, pure interfragmentary loading mode such as only axial compression or only torsion are not generally expected clinically. However, for studies of mechanoregulation, precise stimulation was considered more relevant, and the specified experimental data was used. Still, there were limitations associated with the in vivo study. Because of limited significant differences in hard callus morphometry and mechanical characteristics, due to unexpected high intragroup variability, no histomorphometric parameters were quantified. Although this made comparisons in the healing response between loading groups difficult, there were still substantial mean differences or similarities between groups. These results are those to which the mechanoregulation simulations were corroborated, for example, intragap and periosteal callus bone formation under torsion, and which were able to distinguish between the investigated regulation algorithms.
With respect to the computational model, several steps were taken to verify its appropriateness. Experimentally, 120 cycles per day were applied, which we mimicked with 1 cycle per day, sampling stimuli at maximal displacement or when the load limit was reached. The stress relaxation effect of applying consecutive cycles to the model was negligible. The reaction force was monitored when the displacement was applied, and the load limit was assumed to be achieved when the reaction force was within 1% of the defined limit. Cell migration/ proliferation and matrix production were modeled mechanistically, without incorporating real matrix synthesis rates. Hence, modeled time was only approximate, and comparisons with experimental results were made by identifying similar sequential transformations of tissues instead of focusing on specific iteration numbers.
The external callus boundary was assumed as impermeable (Figure 1 ), based on experimental observations. Histological analyses of fracture calluses showed a thin fascia separating the external parts of the callus and the surrounding tissue. 19 The fascia is believed to be relatively impermeable, although no confirmation of this exists, to our knowledge. The significance of assuming an impermeable boundary was addressed by investigating the effect of a fully permeable external boundary. This affected the local volumetric deformation under axial compression, but not in torsion. With the algorithms of Carter and colleagues 5 and Claes and Heigele, 7 decreased pore pressure was found close to the boundary where it was already sufficiently low, stimulating ossification. Hence, the predicted tissue distributions did not change. With the algorithm of Lacroix and Prendergast, 8 increasing fluid velocity was observed mostly in the external callus close to the boundary, where the fluid velocity was already high. The bony cuff [ Fig. 4(c) ] became slightly smaller and developed close to the cortical bone. Thus, external callus permeability did not significantly affect the simulated tissue distributions.
The callus size in the model was kept constant, while in reality the callus develops over time to increase stability and allow bony bridging. By increasing the callus diameter it was found that, in axial compression, increased callus volumes decreased pore pressure and fluid velocity, which promoted differentiation and enhanced the possibility of bony bridging and complete healing. In torsion, increased callus sizes decreased local strains, which enhanced differentiation and further bone formation. However, with the algorithms of Carter and colleagues 5 and Claes and Heigele 7 in torsion, the callus diameter had to increase by 200% for the predicted tissue distributions to change significantly and for bony bridging to be correctly predicted. Thus, an increase in callus size, necessary to modify the outcome of the study, was unrealistic.
This study examined the validity of four mechanoregulation algorithms. Their capacities to predict tissue differentiation as observed in vivo, for both axial displacement and torsional rotation, were evaluated. The algorithms had earlier produced similar results for axial loads, consistent with normal fracture healing. 10 For both axial compression and torsional rotation, however, none of the algorithms was completely correct; therefore no full corroboration was possible. Nevertheless, the algorithm regulated by deviatoric strain and fluid velocity was the most accurate in this study, and alone able to predict healing as observed in vivo for torsional rotation.
